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RepairChildren with unoperated cleft palates have nearly normal growth of their faces whereas patients who have had
early surgical repair often exhibit midfacial hypoplasia. Surgical repair is responsible for the underlying bone
growth arrest but the mechanisms responsible for these surgical sequelae are poorly understood. We simulated
the effect of cleft palate repair by raising amucoperiosteal ﬂap in themurine palate. Three-dimensionalmicro-CT
reconstructions of the palate along with histomorphometric measurements, ﬁnite element (FE) modeling,
immunohistochemical analyses, and quantitative RT-PCR were employed to follow the skeletal healing process.
Inﬂammatory bone resorption was observed during the ﬁrst few days after denudation, which destroyed the
midpalatal suture complex. FE modeling was used to predict and map the distribution of strains and their asso-
ciated stresses in the area of denudation and the magnitude and location of hydrostatic and distortional strains
corresponded to sites of skeletal tissue destruction. Once re-epithelialization was complete and wound contrac-
ture subsided, the midpalatal suture complex reformed. Despite this, growth at the midpalatal suture was
reduced, which led to palatal constriction and a narrowing of the dental arch. Thus the simple act of raising a
ﬂap, here mimicked by denuding the mucoperiosteum, was sufﬁcient to cause signiﬁcant destruction to the
midpalatal suture complex. Although the bone and cartilage growth plates were re-established, mediolateral
skeletal growth was nonetheless compromised and the injured palate never reached its full growth potential.
These data strongly suggest that disruption of suture complexes, which have intrinsic growth potential, should
be avoided during surgical correction of congenital anomalies.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Sutures are moveable joints in the craniofacial region that unite the
bones of the face and skull [1]. Sutures have numerous functions: they
act as articulation sites that allow minor movements of the craniofacial
bones and thus protect bones from fracture [2], and as growth sites
(reviewed in [3]), allowing the expansion of the skull to accommodate
the growing brain [4] and face [5]. Disruptions to the sutures, caused by
congenital defects, physical injury, or surgical intervention, can therefore
have serious consequences. For example, premature fusion of the cranio-
facial sutures during early childhood (i.e., congenital craniosynostoses)
causes signiﬁcant morphologic abnormalities including hypoplasia of
the midface, a compromised airway, and compression of the growing, CA 94305, USA.
. This is an open access article underbrain [6,7]. Trauma to suture regions in the craniofacial skeleton can
also lead to growth arrest of the involved skeletal elements [8,9].
Surgical interventions can also cause an arrest in growth of the facial
skeleton if they involve facial sutures [10–13]. For example, the vast
majority of young (6–12 month old) patients who have undergone
cleft palate repair show evidence of midfacial growth arrest [14–16].
In contrast, young patients who have undergone soft palate repair
exhibit little observable impact on midfacial growth [17]. The growth
arrest is not due to an inherent deﬁcit in growth potential either, as
cleft palate patientswho do not undergo surgical repair typically exhibit
normal dimensions to their dental arch, normal maxillary projection,
and a normal Class II occlusion [15,16,18,19].
Together these ﬁndings imply that surgical perturbation of a suture
will likely result in skeletal growth arrest. Precisely what aspect of sur-
gical repair is most likely causing midfacial growth arrest, however, is
unclear. Investigators have largely focused on mucoperiosteal denuda-
tion as being the culprit [20–23]. This procedure involves elevation ofthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Table 1
Distribution of animal groups.
Experimental group Time points analyzed
Day 7 Day 14 Day 21 Day 28
Intact, qRT-PCR 8 8 8 8
Intact, histology/IHC 6 6 6 6
Injured, qRT-PCR 8 8 8 8
Injured, histology/IHC 6 6 6 6
187J. Li et al. / Bone 81 (2015) 186–195the palatal mucoperiosteum, medial rotation of the ﬂap to provide soft
tissue coverage of the defect, and a resulting denudation of the palatine
processes, which heals by secondary intention. Some groups have
investigated the sites of these palatal bone denudations and demonstrat-
ed that the scar tissue covering this region is comprised ofmyoﬁbroblasts
[24] that appear to render the tissue “inelastic” [25]. A direct, causal
relationship between the palatal scarring and midfacial growth arrest,
however, has not been demonstrated [26,27].
We asked how mucoperiosteal denudation could have such a pro-
found effect on facial growth. We ﬁrst created a mouse model of
mucoperiosteal denudation that speciﬁcally involved the midpalatal
suture complex then used histology, immunohistochemistry, ﬁnite
element (FE) modeling, micro-CT analyses, and quantitative molecular
readouts to draw a direct link between the surgical procedure, the
healing response, and the resulting palatal growth inhibition. In doing
so we gained critical insights into how a commonly employed surgical
procedure could have the unintended consequence of impeding mid-
facial development.
2. Materials and methods
2.1. Animal surgeries
All procedures were approved by the Stanford Committee on Animal
Research. Gas anesthesia was delivered to post-natal day 7 (P7) C57BL/
6 pups, and the palatalmucoperiosteal denudationwas performed before
awakening.With the use of a dissectingmicroscope, a 1mmdiameter full
thickness punch was made in the middle of the hard palate and the
mucoperiosteum was removed with forceps; care was taken to leave
the underlying skeletal tissues intact. The anterior border of the punch
is made immediately posterior to the ﬁrst pair of discontinuous palatal
rugae (Supplemental Fig. 1B). The wound healed by secondary intention.
Age-matched littermates that were unoperated served as controls.
2.2. Histology and immunohistochemistry
Tissue samples were ﬁxed in 4% paraformaldehyde at 4 °C over-
night, decalciﬁed in 19% EDTA at room temperature for 10 days, and
dehydrated for parafﬁn embedding. Coronal sections were cut at a
thickness of 8 μm. Histology was performed using Gomori Trichrome,
Movat's Pentachrome, and Safranin O/Fast Green/Hematoxylin staining
following standard staining procedures [28]. Picrosirius red staining
was completed and imaged under polarized light as described [28].
For alkaline phosphatase (ALP) staining, slides were pre-incubated in
NTMT buffer for 15 min and then stained in ALP solution containing
2 mL NTMT, 10 μl NBT (Roche), and 7.5 μl BCIP (Roche) for 30 min at
37 °C. Tartrate resistant acid phosphatase (TRAP) staining was per-
formed using a Leukocyte Acid Phosphatase Kit (Sigma, St. Louis, MO).
Immunohistochemistry for Ki67, Osteopontin, collagen I, collagen II,
and X was carried out as described [28]. In brief, slides were immersed
in 0.2% Triton for 5 min then incubated in Antigen Unmasking Solution
(Vector Laboratories, diluted 1:100) at 95 °C for 20 min. After returning
to room temperature slideswere immersed in 3%hydrogen peroxide for
5min and blocked in 5% goat serum for 30min. Slideswere incubated in
corresponding primary antibodies (Ki67 rabbit polyclonal antibody,
Thermo Scientiﬁc, diluted 1:100; Osteopontin rabbit polyclonal, Abcam,
diluted 1:2000; Collagen I rabbit polyclonal antibody, Calbiochem, dilut-
ed 1:500; Collagen II rabbit polyclonal antibody, Millipore, diluted 1:50;
Collagen X rabbit polyclonal antibody, Calbiochem, diluted 1:500) over-
night at 4 °C. For Ki67 and Osteopontin detection, slides were incubated
in biotinylated anti-rabbit antibody (Vector Laboratories, diluted 1:200)
for 30 min, ABC (Vector Laboratories) for 30 min and developed with
DAB (Vector Laboratories). For collagen I, II, and X detection, slides
were incubated in Alexa Fluor 555, 488, and 555 goat anti-rabbit anti-
body (Invitrogen, diluted 1:500), respectively, for 30 min and then
mounted with DAPI mounting medium (Vector Laboratories). To detectcell death, TUNEL (In Situ Cell Death Detection Kit, Roche) was per-
formed as described by the manufacturer. Imaging of the stained tissue
sections was performed with a Leica DM 5000B ﬂuorescent microscope
and a Leica DFC 500 digital camera.
2.3. Quantitative RT-PCR
Mucoperiosteal denudation was performed and animals were
sacriﬁced at 7, 14, 21, and 28 days (Table 1). Tissues from all mice
were harvested by microscopic dissection from 8 injured and 8 control
mice for each of the four time points reported, for a total of 64 mice
(Table 1). The epidermis was removed and the midpalatal suture com-
plex, which included the medial edges of the palatine bones, its growth
plates, and the ﬁbrous interzone, was collected then homogenized
in TRIzol (Invitrogen). RNAwas quantiﬁed, and qRT-PCRwas performed
(Quantace Bioline, Taunton, MA). Expression levels were calculated
using the 2Δ-(ddCt) method, normalized to GAPDH [29], and converted
to fold-expression. The following primer sets were used: GAPDH,
acccagaagactgtggatgg and ggatgcagggatgatgttct; Sox9, agaacaagccac
acgtcaag and cagcagcctccagagctt. ALP, accttgactgtggttactgc and catata
ggatggccgtgaagg;OPN, catgaagagcggtgagtctaag and ttccagacttggttcatccag.
2.4. Micro-CT analyses and quantiﬁcation of growth arrest
Micro-CT scanning (Imtek/Siemens MicroCAT II/SPECT system,
52 μm resolution) was performed using six injured and six age-
matched control mice on PID28. Scanning results were exported into
DICOM format and Osirix software version 5.8 (Pixmeo, Bernex,
Switzerland) was employed to render the 3D multiplanar reconstruc-
tion in order to evaluate coronal sections across the midpalatal suture
complex at exactly the same axis for each sample. Distances between
left and right palatine foramen were measured and reported as inter-
foraminal width. These skeletal landmarks were used as ﬁducials to as-
sess the effect of themucoperiosteal denudation injury on mediolateral
expansion of the hard palate.
For histomorphometric analyses, tissues from 6 injured and 6 con-
trol mice were used for each of the four time points reported, for a
total of 48 mice (Table 1). The palate was sectioned at 8 μm thickness/
section and collected from the area bound by the ﬁrst and second
molars, corresponding to the middle region of the injury. Each slide
contained two tissue sections. From the resulting ~30 slides, 6 slides
were chosen (one every ﬁfth slide) in order to perform the following
quantiﬁcations. Tissue sections were stained with Ki67, Safranin O, or
TUNEL protocols. Regions of interest (ROI) were deﬁned by centering
themidpalatal suture complex at 20×magniﬁcation and photographed
using the Leica DFC 500 digital camera. A minimum of 6 images per
sample and 6 separate samples were used.
To quantify the area of the growth plate composed of cartilage
(which stains red after Safranin O/Fast Green staining), images were
imported into Adobe PhotoShop. The area of the Safranin O stained car-
tilage growth plates was measured in a double-blinded manner by two
independent investigators.
To quantify the extent of cell proliferation and cell death within the
midpalatal suture complex, a standard process was employed [30–33]
where regions of interest (ROI) were photographed using a minimum
of 6 images per sample, and 6 separate samples. In the cases of TUNEL
188 J. Li et al. / Bone 81 (2015) 186–195and Ki67, the number of positively stained cells was counted. The ROI
used for Ki67 is outlined in Figs. 4I, J. The ROI used for TUNEL is outlined
in Figs. 4L, M. Conclusions drawn from analyses of tissues at one time
point were compared to analyses conducted at subsequent time points.
Only data that showed a consistent, reproducible ﬁnding from one time
point to the next were presented.
2.5. Finite element (FE) modeling
The FE model was generated in COMSOL 4.4. The geometry of
the palate and the resulting mucoperiosteal denudation wound was
modeled based on measurements from histologic data. The assigned
mechanical properties of the soft tissue, palatine bones, and midpalatal
suture were based on published reports (Table 2).
The lateral edges of the palatine processes were constrained in their
displacements in all directions. The values assigned to nursing [34] and
tongue pressures [35] in themouse were estimated using data obtained
from human infants and then scaling according to the weight of a
mouse. The palatal structures were partitioned into N30,000 volumetric
elements that comprise the full 3D model and represent the model's
precision (Fig. 2B).
2.6. Statistical analyses
In all quantitative analyses, results were presented as the mean ±
SD. Differences between sets of data were determined by using the
Mann–Whitney test in XLStat software version (Addinsoft, Paris,
France). A p-value b 0.05 was considered statistically signiﬁcant.
3. Results
3.1. Mucoperiosteal denudation destroys the midpalatal suture complex
At post-natal day 8 (P8) the midpalatal suture complex is made up
of three elements: the bony palatine processes of the maxillae, the
cartilage growth plates that cap the ends of the palatine processes
(red arrows), and the ﬁbrous interzone (asterisk) that separates the
growth plates (Fig. 1A). The epithelia lining the sinus and roof of
the mouth were intact (Fig. 1B). A few TUNEL+ve cells were detected
in the growth plates (red arrows), indicating that programmed cell
death was restricted to dying chondrocytes at the chondro-osseous
junction (asterisk, Fig. 1C). The intact bone of the palatine processes
was undergoing active bone remodeling as indicated by the presence
of TRAP+ve osteoclasts (Fig. 1D).
A procedure was performed in the palatal midline that mimicked
elevation of the mucoperiosteum (Supplemental Fig. 1). Within 24 h
(i.e., post-injury day 1, PID1) of this mucoperiosteal denudation histo-
logical analyses veriﬁed the lack of oral epithelium indicated by white
and black arrows (Fig. 1E). Histological analyses also indicated that
the proteoglycan-rich cartilage matrix of the palatine growth plates
was lost (red arrows, Fig. 1E). Gomori trichrome was used to evaluate
inﬂammation [41,42], and this staining showed an extensive inﬂamma-
tory cell inﬁltrate and signiﬁcant soft tissue swelling at the wound site
(compare Figs. 1B with F, yellow arrow). TUNEL staining [43] on adja-
cent tissue sections indicated rampant programmed cell death in the
ﬁbrous interzone (asterisk, Fig. 1G), in chondrocytes, in connectiveTable 2
Mechanical properties of tissues constructed in the ﬁnite element model.
Tissue Young's elastic modulus (E) Poisson's ratio (ν) References
Palatine bone E = 1000 MPa v = 0.28 [36]
Soft tissue E = 0.1 MPa v = 0.45 [37]
[38]
[39]
Midpalatal suture E = 1 MPa v = 0.45 [40]tissues surrounding the wound, and in the exposed palatal mucosa
(white arrows, Fig. 1G). Immunostaining for the cell proliferation
marker Ki67 [44] indicated that the injury stimulated a burst in mitotic
activity at the midpalatal wound site (Supplemental Figs. 2A, B).
On PID4, destruction of the midpalatal suture complex reached its
zenith. Hard tissue destruction was extensive (dotted yellow line indi-
cates remaining bone of the palatine processes; Fig. 1I) but signs of
healing were also obvious: for example, wound re-epithelialization
was nearly complete (white arrows, Fig. 1I), the inﬂammatory inﬁltrate
had lessened (Fig. 1J), TUNEL staining was reduced (Fig. 1K), and cell
proliferation was at its maximum (Supplemental Figs. 2C, D). TRAP
activity was also widespread (Fig. 1L) in keeping with the extensive
bone resorption observed at this early time point.
By PID7, re-epithelialization of the wound was complete and new
bone formation had ensued (dotted yellow line, Fig. 1M). Inﬂammation
was reduced (Fig. 1N), and apoptosis had not worsened relative to PID4
(Fig. 1O). TRAP+ve osteoclasts were involved with remodeling the
newly forming bone (Fig. 1P), and Ki67 immunostaining had returned
to near-baseline levels (Supplemental Figs. 2E, F).
Collectively, these analyses demonstrated that mucoperiosteal
denudation led to the complete obliteration of the midpalatal suture
complex. We wondered how a wound that re-epithelialized so quickly
and exhibited such robust cell proliferation could nonetheless show
such extensive tissue destruction. We began to consider other factors
that could have contributed to the breakdown of the midpalatal su-
ture complex, and the most obvious seemed to be the mechanical
environment.
3.2. Hydrostatic and distortional strains contribute to breakdown and
regeneration of the midpalatal suture complex
The youngest cleft palate repair patients exhibit the most severe
midfacial hypoplasia; therefore, to mimic this age-related phenomenon
we performed mucoperiosteal denudation in mice when they reached
post-natal day 8 (P8). At this age, the pups are still nursing and we
postulated that biomechanical forces from nursing [34] and tongue
pressure [35] would inﬂuence the palatal healing process.
To test this hypothesis we created a three-dimensional ﬁnite ele-
ment (FE) model that generated a map of the strain and stress distribu-
tions that existed in the intact palate, and in injured palate at multiple
time points during the healing process. We used published reports
(see Table 2) and our histology and micro-CT data to assign mechan-
ical properties and dimensions to the soft tissues, bone, and ﬁbrous
interzone.
In the intact palate, the boundary conditions of nursing and tongue
activity were assigned, where nursing exerted a downward-directed,
uniform pressure on the palate ([34] and see green arrow, Fig. 2A) and
tongue activity exerted an upward-directed, uniform pressure on
the palate ([35] and see red arrow, Fig. 2A). The discretized mesh was
generated according to the pressures applied (Fig. 2B). The distribution
of hydrostatic strain and distortional strain were then determined
(Fig. 2C).
The FE model indicated that the intact midpalatal suture complex
was under negative hydrostatic strain (Fig. 2D) and a small but signiﬁ-
cant amount of distortional strain (Fig. 2E). These data are consistent
with the formation of chondrogenic tissues [45], which we observed
at the ends of the palatine processes (see Fig. 1A). We then modeled
the strain distributions on PID1 (Fig. 2F). Based on published reports,
the wound region was assigned an initial biaxial tensile stress of
magnitude = 0.05 MPa in the X and Y directions [46] and the width
of the midpalatal suture complex was 116 μm, the same as in the intact
case (see Fig. 1). In this scenario, the palate was affected by the biaxial
contractile stresses resulting from the wound healing, as well as the
nursing and tongue pressures asmodeled in the intact palate. FE results
demonstrated that on PID1, the injured midpalatal suture complex
was primarily exposed to positive hydrostatic strain (Fig. 2G) and
Fig. 1. Suture resorption after mucoperiosteal denudation. (A) Representative coronal tissue sections through the hard palate on P8, between the ﬁrst and second molar, stained with
Safranin O/Fast Green to identify the proteoglycan-rich cartilage matrix (red) of the cartilaginous growth plates (red arrows) that cap each palatal shelf; the growth plates are separated
by the ﬁbrous interzone (asterisk). (B) Gomori trichrome identiﬁes the midpalatal suture complex. (C) Isolated TUNEL+ve chondrocytes (green) are detected within the cartilaginous
growth plates (red arrows) that cap each palatal shelf with the ﬁbrous interzone between them (asterisk); cell nuclei are visualized by DAPI (blue) staining. (D) TRAP staining identiﬁes
osteoclasts that are resorbing the cartilage matrix and bone of the midpalatal suture complex. (E) By PID1, the edges of the mucoperiosteum after denudation are seen (white and black
arrows), and the cartilagematrix is no longer evident (red arrows). (F) Inﬂammatory cells (stained dark red) inﬁltrate thewoundwith subsequent swelling of themucosa (yellow arrow).
(G) TUNEL staining is detected in chondrocytes, cells occupying the ﬁbrous interzone (asterisk), and throughout the wound site. (H) TRAP staining is minimal, and restricted to the nasal
surface of the palatal shelves. (I) By PID4 the epithelium has nearly approximated (white arrows), the palatine bones have disintegrated (outlined in yellow), and (J) inﬂammatory cells
continue to be present in thewound site. (K) Most TUNEL staining is restricted to cells lining the residual palatine bone and soft tissuewound site. (L) Increased TRAP staining is detected
in the palatal shelves. (M) On PID7, bone reformation is evident by SafraninO/Fast Green staining showing the palatal shelves approximating in themidlinewith (N) a decrease in inﬂam-
matory cell inﬁltrate and swelling. (O) TUNEL+ve cells are evident throughout the suture region with (P) TRAP staining seen lining the bones of the palatal shelves. Abbreviations: ns =
nasal septum; P= post-natal day; PID= post-injury day. TRAP= tartrate-resistant acid phosphatase; TUNEL= terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling.
Scale bar= 100 μm. All the images in this paper are orientedwith the nasal surface of the palatine processes of themaxillary bone facing upwards, and the oral surface facing downwards.
189J. Li et al. / Bone 81 (2015) 186–195distortional strain (Fig. 2H), the values of which were signiﬁcantly
higher than in the intact state (Figs. 2D, E). Therefore, under conditions
ofwoundhealing, tonguepressure, and nursing, the suture region expe-
rienced an appreciable positive hydrostatic strain (Fig. 2G) and even
larger distortional strains (Fig. 2H) than existed in the intact palate.
These conditions do not favor the formation of either osteogenic or
chondrogenic tissues in the suture region but instead, are known to pro-
mote the formation of ﬁbrous tissues (Fig. 2M; [45]). This FE prediction
correlated with histological data from the PID4 and PID7 analyses
(Fig. 1).
We had observed a disintegration/resorption of bone at the
midpalatal suture complex at PID4 (Figs. 1I–L).Wemodeled this ﬁnding
in an iterative manner, where the loss of mineralized tissue created
a larger gap, measuring 200 μm in width. When nursing and tongue
pressures were added to the effects of the wound contraction biaxial
stresses, this resulted in appreciable negative hydrostatic strain (and
stress; Fig. 2I) and somewhat smaller distortional strains in the mid-
palatal region (Fig. 2J)). This created a radically differentmechanical en-
vironment, which is known to favor the formation of chondrogenic
tissues (Fig. 2M; and [47]).
In the ﬁnal iteration of the FE model we modeled the midpalatal
suture as if the soft tissue wound was largely healed. Biaxial stresses
in thewoundwere removed and only the nursing and tongue pressuresacted upon the once-injured palate. Under these conditions, the me-
chanical environment trended back towards the situation that existed
in the intact palate, where a mixture of negative and positive hydro-
static strains (Fig. 2K) and smaller distortional strains predominated
(Fig. 2L). These conditions again predicted the continued formation
of chondrogenic tissues at the palatine bone ends (Fig. 2M; [47]).
When considered together, the results from FE modeling indicated
that physical forces compounded the effects of mucoperiosteal denuda-
tion, contributing to the extensive destruction of the midpalatal suture
complex. The FE model also predicted that once the wound was healed
and bone regeneration ensued, the physical environment would favor
the formation of chondrogenic tissues at the ends of the palatine bones.
We then sought evidence to support or refute this prediction.3.3. The suture complex is re-established after injury
One week after mucoperiosteal denudation, the palatine bones
themselves appeared thicker (dotted yellow line) but were still missing
their cartilage growth plates (compare Figs. 3A, B N = 6 for each
condition). Osteopontin is normally expressed in both osteoblasts
and chondrocytes (red arrow, Fig. 3C) but at PID7, its expression was
limited to osteoblasts (Fig. 3D).
Fig. 2. Finite element modeling predicts shifts in hydrostatic and distortional strains during healing. (A) A 3Dmodel of the midpalatal suture complex (red box) was generated with the
physical properties of its comprised tissues and the estimatedmechanical pressures at this anatomic location, applied in COMSOL4.4. (B) The resulting polygonmesh includes the dimen-
sions of the model and depicts the precision of the resulting discretization. (C) A 2D slice from the midpalatal suture complex was isolated from the 3D strain model to demonstrate
the predicted strains in a cross-section. (D) In this 2D FE model cross-section, intact P7 palate properties were used to demonstrate hydrostatic strains and (E) distortional strains at
the suture complex. (F) A 1 mm cylinder of soft tissue with contractile properties was generated in the skin layer inferior to the suture to recapitulate the forces caused by the healing
tissue of the midpalatal wound. (G) At PID1, wound contractile forces increased both the hydrostatic strains and (H) distortional strains at the suture complex. (I) At PID4 the widened
suture attenuated both the hydrostatic strains and (J) distortional strains at the suture. (K) At PID7 the contractile forces of the wound depreciated, and this increased both hydrostatic
and (L) distortional strains at the suture complex. (M) The changing strains at the suture complex shifted the type of tissue promoted by mechanical forces [47] over the time course
of wound healing. Abbreviations: PID = post-injury day.
190 J. Li et al. / Bone 81 (2015) 186–195Analyses at later time points, however, indicated that the cartilage
growth plates regenerated. For example, on PID10 Safranin O/Fast
Green staining demonstrated the ﬁrst, faint evidence of the characteris-
tic red proteoglycan-rich matrix associated with cartilage formation
(compare Figs. 3E with F) and immunostaining for collagen type II
veriﬁed this interpretation (Figs. 3G, H; N = 6 for each condition). By
PID14, the cartilage growth plates, as shown by Safranin O/Fast Green
staining (Figs. 3I, J) and Osteopontin expression (Figs. 3K, L), had
completely reformed (N = 6 for each condition). Thus, the midpalatal
suture complex regenerated after injury, achieving an architecture sim-
ilar to that observed in the intact palate.
3.4. Growth at the suture complex is inhibited after injury
Although themidpalatal suture complexwas generally re-established
after injury, the adverse effects associatedwith themucoperiosteal denu-
dation persisted. Cell proliferation remained signiﬁcantly lower (Figs. 4A,
B; quantiﬁed in C) and TUNEL staining remained considerably higher
in the healed palates, even 21 days after injury (Figs. 4D, E; quantiﬁed
in F). At PID28, histomorphometric analyses demonstrated that the re-
established growth plates were still signiﬁcantly smaller than their
uninjured age-matched counterparts (Figs. 4G, H; quantiﬁed in I). We
also noted that the ﬁbrous interzone, which serves as the growth center
for the suture, was largely obliterated by the previous injury (Figs. 4G,H and see Supplemental Figs. 3A, B). The domains of collagen type I
(to identify bone) and collagen types II and X (to identify cartilage)
were also reduced in the PID28 palates relative to the age-matched
controls (Supplemental Figs. 3C–H). Together with analyses of the
expression domains of Osteopontin and alkaline phosphatase, these
data demonstrated that even 3–4 weeks after injury, there was a signiﬁ-
cant loss in bone mineralization and growth at the midpalatal suture
complex.
We used three-dimensional micro-CT analyses to verify these histo-
logic ﬁndings, and evaluate whether mucoperiosteal denudation affect-
ed the mediolateral growth of the palate. Mucoperiosteal denudation
was performed between the ﬁrst and second molars (Supplemental
Fig. 1B); consequently, we focused our analyses on skeletal landmarks
in this vicinity. Coronal CT sections through the palatine foramina
from intact (Figs. 4J, K) and injured (Figs. 4L, M) skulls were oriented
equivalently then assessed for differences in mediolateral width. These
analyses demonstrated that the distance between the left and right
palatine foramina from injured palates were signiﬁcantly reduced com-
pared to the same distance from intact palates (Fig. 4N).
3.5. Sutural growth potential is negatively impacted by injury
Thus far, our data demonstrated that mucoperiosteal denudation
had a long-term impact onmidfacial growth.We focused our remaining
191J. Li et al. / Bone 81 (2015) 186–195analyses on understanding the basis for this effect. Mediolateral growth
of the mouse palate reaches 95% of its maximum width by post-natal
week 8 [48], which corresponds to mineralization of the ﬁbrous inter-
zone (Figs. 5A, B) and a loss in cell proliferation in this domain
(Fig. 5C). The cartilaginous growth plates were nearly replaced at thisstage by bone (Figs. 5D, E). Therefore, as mice enter adulthood the
midpalatal suture complex has largely ossiﬁed. A similar ossiﬁcation
process occurs in humans [49]. Samples from the healed midpalatal
suture complexes had the same appearance. The ﬁbrous interzone
was more disorganized but still showed evidence of a densely collage-
nous tissue ﬁlling the interzone (Figs. 5F, G). Cell proliferation was
also at a minimum (Fig. 5H). Some cartilage matrix was still detectable
(Fig. 5I) but the majority of the growth plate was lost. ALP activity was
comparable to the intact controls (Fig. 5J).
These data indicate that growth at themidpalatal suture –whether it
was injured or left intact – is largely concluded by post-natal week 9.
We veriﬁed this conclusion using quantitative RT-PCR. For example,
compared to its expression at P7, expression of proliferating cell nuclear
antigen (PCNA) was signiﬁcantly lower at P28 (Fig. 6A). Concomitant
with a reduction in cell proliferation, a signiﬁcant increase in differenti-
ation markers was observed: Sox9, ALP, and OPN were all expressed at
signiﬁcantly higher levels than at the later time point (Fig. 6A).
To verify that the growth/differentiation potential of the midpalatal
suture was compromised by injury, we proﬁled the expression of the
same genes over the healing process. Relative to intact age-matched
controls, both proliferation and differentiation markers were expressed
at signiﬁcantly lower levels in the injured midpalatal sutures (Fig. 6B).
By the time that the midpalatal suture began to close (P35), osteogenic
gene expression was at its nadir in both intact and injured samples
(Fig. 6C). Thus, in animals subjected to mucoperiosteal denudation,
neither the level of osteogenic gene expression nor the growth potential
of the midpalatal suture reached its maximum developmental capacity.4. Discussion
Bones lengthen because of mitotic activity at growth plates [50] and
at sutures [3], and physical forces acting at these two types of growth
centers can profoundly inﬂuence the rate of bony expansion. For exam-
ple, tensile strains across a suture line can stimulate cell proliferation
and new bone formation [51] whereas contractile forces across a suture
line can impede bone development [24]. Our model of mucoperiosteal
denudation involved the midpalatal suture complex (Fig. 1; Supple-
mental Fig. 1), mimicking the use of the same surgical procedure in
humans to correct cleft palate deformities [20–23]. Because it consti-
tutes a growth center for the midface [52,53], we postulated that phys-
ical forces associatedwithwound repair would affect bone expansion at
this site and thus contribute to midfacial hypoplasia.
We used FE modeling to predict the magnitude of stresses and
strains created by mucoperiosteal denudation that predicted cycles of
tissue breakdown and regeneration (Fig. 2). These predications were
conﬁrmed by histological, immunohistochemical, micro-CT analyses,
and quantitative RT-PCR readouts (Figs. 3–6). Thus we conclude that
mucoperiosteal denudation and the wound contraction that follows
alter the mechanical environment of the developing palate, creating
an environment that is particularly hostile to the formation of boneFig. 3. The suture complex is re-established after injury. (A) On P14, an asterisk marks the
ﬁbrous interzone; cartilage capping the ends of thepalatal shelves are identiﬁedby the red
stain. (B) By PID7, bilateral palatine processes of the maxilla are outlined in yellow. The
cartilage matrix is absent. (C) On P14, Osteopontin staining is detected in hypertrophic
chondrocytes (red arrows) and in osteoblasts of the palatine processes. (D) On PID7
Osteopontin expression is restricted to osteoblasts of palatine processes (labeled ‘b’).
(E) On P17, Safranin O/Fast Green staining allows visualization of the cartilage
growth plates (red stain), and by (F) PID10, of a cartilagematrix at the tips of the palatine
processes. (G) At P17, collagen II expression in chondrocytes in the midpalatal suture;
(H) at PID10, collagen II expression is detected in themidpalatal complex (white arrows).
(I) At P21, SafraninO/Fast Green staining of the intact palate and (J) in the injured palate at
PID14. (K) Osteopontin+ve cells are detected in the palatine bones and hypertrophic
chondrocytes (red arrows) of both the intact palates at P21 and (L) injured palates
at PID14. Abbreviations: b = bone of the palatine processes; PID = post-injury day;
OPN = Osteopontin; Col II = collagen type II; asterisk = ﬁbrous interzone. Scale bar =
50 μm.
Fig. 4.Palatal expansion is compromised after injury. (A) Ki67+ve cells are identiﬁed in the intact suture complex at P28 and (B) in the injured palate at PID21. (C) Quantiﬁcation of Ki67+ve
cells within the midpalatal suture complex comparing P28 to PID21 samples (N= 6 for each condition; p = 0.03). (D) TUNEL+ve cells are identiﬁed in the intact suture complex at P28,
and (E) at PID21. (F) Quantiﬁcation of TUNEL+ve cells of the suture complex (N = 6 for each condition; p = 0.018). (G) Coronal sections of the midpalatal suture complex stained with
Safranin O/Fast Green to visualize the proteoglycan-rich cartilagematrix (red stain) of the growth plate in an intact sample at P35 and (H) an injured sample fromPID28. (I) Quantiﬁcation
of the area of the cartilaginous growth plates indicated by the dashed yellow outlines in G andH (N=6 for each condition; p= 0.008). (J) Amicro-CT scan in the coronal axis of the intact
palate at P35 and its (K) 3D rendering; blue lines indicate inter-foraminal width. (L) Amicro-CT scan in the coronal axis of the injuredmouse palate at PID28 and its (M) 3D rendering; red
lines indicate its inter-foraminal width. (N) Quantiﬁcation of the inter-foraminal widths of the intact and injured palates described previously (N = 6 for each condition; p = 0.02).
Abbreviations: PID = post-injury day; TUNEL = terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling. Scale bars = 50 μm.
192 J. Li et al. / Bone 81 (2015) 186–195and cartilage. As healing ensues themechanical environment returns to
baseline, but the growth retardation caused by the initial injury was
irreversible. We propose that a similar series of events occurs in those
children whose initial cleft palate repair was satisfactory, but who
later develop midfacial hypoplasia [14].
Our FE results are in keepingwith the Hueter–Volkmann law, which
deﬁnes the relationship between tensile and compressive strains andchanges in bone growth. The Hueter–Volkman law is based on the ob-
servation that between multiple species and multiple locations, the
rate of change at the growth plates is approximately linear [54]. The
midpalatal suture growth plates also show a similar rate of change,
and we propose that strains and their associated stresses predicted by
our FE model (Fig. 2) lead to decreased proliferation and increased cell
death that ultimately result in palatal growth inhibition (Figs. 4, 5).
Fig. 5. Long term sequelae of mucoperiosteal denudation. (A) Representative pentachrome-stained tissue sections through the intact midpalatal suture complex on P63, and (B) a near-
adjacent tissue section stained with picrosirius red, visualized under polarized light. In both cases, the ﬁbrous interzone is indicated with a dotted white line. (C) Ki67 immunostaining
detects proliferating cells in the palatal epithelium but not in the ﬁbrous interzone. (D) Safranin O/Fast Green staining identiﬁes proteoglycan-rich cartilage matrix (red) and (E) alkaline
phosphatase activity detects osteoid mineralization (blue). (F–J) The same staining protocols were applied to tissue sections at the injured time point, PID56. Abbreviations: PR =
picrosirius red. Scale bars = 50 μm.
193J. Li et al. / Bone 81 (2015) 186–195Cleft palate repair patients with midfacial hypoplasia typically
exhibit a narrowing of the dental arch, maxillary retrusion, and a Class
III malocclusion [14]. Our surgically treated mice, on the other hand,Fig. 6. Impact of injury on sutural osteogenesis. (A) Quantitative RT-PCR analyses of RNA from
expression are illustrated (N= 8). (B) Quantitative RT-PCR proﬁle of gene expression in injure
(dotted line) at the time points indicated (N=8). (C) Fold change in expression of PCNA, Sox9,
the phases of resorption, repair, regeneration, andgrowth arrest during thehealing process. Abb
Osteopontin. Asterisk indicates p ≤ 0.05.only exhibit a narrowing of the dental arch (Fig. 4). Why was there a
difference? We attribute these variations to the anatomy of the human
and rodent palates, and the extent of the mucoperiosteal denudation.the midpalatal suture complex on P7 and P28; fold changes in PCNA, Sox9, ALP, and OPN
d midpalatal suture tissues relative to expression levels in intact midpalatal suture tissues
ALP, and OPN at P35 and PID28, normalized to P7 (N= 8). (D) A schematic demonstrating
reviations: PCNA= proliferating cell nuclear antigen; ALP= alkalinephosphatase; OPN=
194 J. Li et al. / Bone 81 (2015) 186–195The long snout of a mouse means that the vomeropremaxillary suture
is signiﬁcantly anterior to the site where mucoperiosteal denudation
was performed (Supplemental Fig. 1). In humans, cleft palate repair nec-
essarily involves both themidpalatal suture and the vomeropremaxillary
suture; consequently, both sutures are exposedduring the surgical repair
procedure [12]. It is likely that midfacial hypoplasia occurs in humans
because of disturbances in multiple growth centers/sutures. In our
mouse model, the confounding inﬂuence of the vomeropremaxillary
suture was avoided and thus the only growth arrest that we observed
was that which occurred in a mediolateral dimension (Fig. 4).
In other respects, the mouse midpalatal suture closely resembles
human palatal sutures. For example, during the early post-natal period,
both mammalian sutures are comprised of a ﬁbrous interzone, which
separates two cartilage growth plates that cap the ends of the palatine
processes [2,55]; both are growth sites [13,56]; and we propose that
in both species, disruption to the midpalatal suture results in medio-
lateral growth arrest of the palate. The growth arrest is directly related
to the surgical intervention and not to malnutrition after an oral injury,
because pups exhibited normal weight gain after injury (Supplemental
Fig. 1).
The series of events leading to an arrest in palatal expansion are pro-
posed in amodel (Fig. 6D). The initial phase constituted thewidespread
destruction of the midpalatal suture complex through a combination
of biological and physical forces acting on this growth center of the
midface (Fig. 6D); based on similar observations in appendicular
growth plate destruction [57] we refer to this period as the resorptive
phase (Fig. 6D). The superﬁcial tissues in the oral cavity heal rapidly,
inﬂammation recedes, and cell proliferation ensures; we refer to this
as the repair phase (Fig. 6D). Although the structure of the suture com-
plex is restored (the regeneration phase, Fig. 6D), the impact of the
injury persists. By the time the midpalatal suture growth plates close,
palates that have been surgically disrupted have not realized their full
growth potential (the phase of growth arrest, Fig. 6D).
These ﬁndings have direct clinical relevance. If growth activity is dis-
turbed during critical periods of development, the affected children
never reach their full growth potential [58]. This is clearly true for cleft
palate patients: those that undergo surgical repair before their second
birthday show the most signiﬁcant mid-facial growth arrest whereas
those that undergo surgical repair after their ﬁfth birthday, when the
width of the palate has reached 90% of its maximum, rarely show
midfacial growth arrest [59,60].
Conclusion
Early restoration of normal craniofacial esthetics and function are
the goals of any reconstructive surgery, which can be more readily
achieved by optimizing surgical techniques. Results shown here dem-
onstrate that the adverse effects of mucoperiosteal denudation persist,
long after healing of the soft tissue defect. Our study suggests that mod-
iﬁcations of surgical techniques, coupled with early tissue expansion,
may signiﬁcantly minimize the growth arrest caused by surgical repair
of cleft palates.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bone.2014.04.020.
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